A B S T R A C T Neurogenic factors and, in particular, enhanced renal sympathetic tone, have been implicated in the pathogenesis of hypertension in the spontaneously hypertensive rat of the Okamoto strain. To examine the hypothesis that the renal sympathetic nerves contribute to the development and maintenance of hypertension by causing urinary sodium retention, 7-wk-old (early hypertensive) and 18-wk-old (established hypertensive) male spontaneously hypertensive rats were subjected to bilateral renal denervation and compared with sham-operated controls. In 7-wk-old animals renal denervation delayed the onset and slowed the rate of developmentofhypertension. These alterations were associated with a significantly greater fractional excretion of sodium (percentage of sodium intake excreted) during the first 3 wk after denervation. Blood pressure 2 wk after surgery was 169+3.5 (sham) vs. 150+2.4 mm Hg (denervated) (P < 0.001), corresponding to fractional sodium excretions of 65±1.3% (sham) vs. 80+2.3% (denervated) (P < 0.001). By the 5th wk after surgery, at which time an increase in renal norepinephrine content of denervated animals suggested reinnervation, blood pressures in the two groups converged (sham, 199+6.5 mm Hg vs. denervated 180+3.5 mm Hg, NS) and there was no difference in sodium excretion (sham, 77+2.5% vs. denervated 79±2.3%). Plasma and kidney renin activity of denervated animals did not differ significantly from that of sham-operated controls. In 18-wk-old rats renal denervation did not alter blood pressure or urinary sodium excretion. These data indicate that the renal svmpathetic nerves contribute to the development of hypertension in the spontaneously hypertensive rat in Dr. Wintemitz is the recipient of a National Heart, Lung, and Blood Clinical Investigator Award (l-K08 HL00707-01).
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INTRODUCTION
Although still a matter of controversy, information gained from studies performed in many laboratories suggests that the sympathetic nervous system plays an important role in the development of hypertension in the spontaneously hypertensive rat (SHR)l of the Okamoto strain. Direct measurements of pre-and postganglionic sympathetic nerve activity in both anesthetized and conscious SHR have shown nerve traffic to be increased in comparison to similar measurements in normotensive Wistar Kyoto (WKY) controls (1-3). In addition, the demonstration that brainstem and hypothalamic concentrations of catecholamines and catecholamine synthesizing enzymes of the SHR differ from those of control WKY implicates the central nervous system in the pathogenesis of hypertension in this model (4, 5) . Further, treatment with both central and peripheral sympatholytic agents has been shown to delay and attenuate the development of hypertension in the SHR (6, 7) .
Of particular interest is the importance of the renal sympathetic nerves in the development of hypertension in the SHR. In one study, efferent renal sympathetic activity in the SHR was found to be twice that measured in control WKY rats (8) . In addition, experiments performed in three separate laboratories have demonstrated that renal denervation delays the development of hypertension in young SHR (9) (10) (11) . The mechanisms involved were not elucidated in these studies. As renal sympathetic activity has been shown to influence sodium excretion via both arteriolar vasoconstriction and alterations in tubular sodium reabsorption (12) (13) (14) , we hypothesized that renal denervation altered the development of hypertension in the SHR in part through an effect on renal sodium handling. Therefore, the purpose of these experiments was to determine whether renal sympathetic activity contributes to the development and maintenance of hypertension in the SHR by causing enhanced sodium retention.
METHODS
Animals used in this study were obtained from Charles River Breeding Laboratories, Wilmington, Mass. Throughout the study they were housed in a room that had constant temperature (24± P1C) and humidity (60±5%) and was lighted automatically from 6 a.m. to 6 p.m. Systolic blood pressures were measured in conscious restrained rats using an electrosphygmomanometer and physiograph recorder (Narco Bio-Systems, Inc., Houston, Tex.).
To examine the effects of renal denervation during the developmental phase of hypertension, a total of 36 male SHR were subjected to bilateral renal denervation (n = 18) or sham operation (n = 18) at 7 wk of age. Under ether anesthesia, renal denervation was accomplished through flank incisions by stripping the renal adventitia and painting the renal artery with 20% phenol (wtlvol) in absolute alcohol. Sham operation consisted of flank incisions only. Blood pressure was monitored twice weekly for 1 wk before and 5 wk after surgery. To assess the effects of renal denervation on sodium excretion in relation to the development of hypertension, a subgroup of renal denervated (n = 8) and sham-operated (n = 8) rats were housed individually in metabolic cages. These animals remained in the cages for the duration of the study except for brief periods twice weekly when they were removed for blood pressure measurement and weighing. The animals were provided with distilled water and received a purified basal diet (0.29% sodium) (Ralston Purina Co., St. Louis, Mo.) ad lib. Food and water intake was measured daily. 24 -h urine samples for sodium were collected 5 of 7 d. In addition at the end of each 24-h collection period the collection funnel of each cage was rinsed with 50 ml of distilled water and the rinse saved for analysis of sodium content. Sodium concentration (milliequivalents per liter) was measured by flame photometry (model 643; Instrumentation Laboratory, Inc., Lexington, Mass.). Daily sodium excretion was calculated as the product ofurine volume and urine sodium concentration plus the product ofthe wash volume and wash sodium concentration. Daily sodium output was calculated as the fractional excretion of sodium (24-h urinary sodium excretion divided by 24-h sodium intake x 100). Sodium data were expressed as the mean weekly sodium excretion for each group, representing the average of the daily values for all animals in the group for a 1-wk period (five 24-h collections).
Two additional control groups were studied. The first of these was included to assess the effects of phenol on blood pressure and renal sodium handling. 7-wk-old male SHR (n = 8) had 20% phenol i.p. applied through flank incisions in amounts equivalent to those used for renal denervation. Blood pressure and sodium excretion were monitored for 2 wk after treatment. Values were compared to those of agematched sham-operated animals. In the final control group, the effects of renal denervation in normotensive WKY were examined. 7-wk-old WKY (n = 5) were subjected to renal denervation by the previously described method. Blood pressure and sodium excretion were monitored for 1 wk before and 2 wk after denervation. Postoperative values for sodium excretion and blood pressure were compared with those obtained during the preoperative control period.
Plasma and kidney renin activity and renal norepinephrine content were determined in groups of SHR serially sacrificed at 1, 3, and 6 wk after renal denervation or sham operation performed as previously described at age 7 wk. A minimum of six sham and six denervated rats were sacrificed at each time point. Renal norepinephrine content was measured to assess the completeness of denervation and to determine the time-course for reinnervation. Plasma and kidney renin activity were measured to determine whether the effects of denervation on blood pressure and renal sodium excretion were mediated in part via an effect on the renin-angiotensin system. Animals were killed by decapitation without anesthesia. Blood was collected in iced tubes containing EDTA (1 mg/ml) for determination of creatinine and plasma renin activity. Kidneys were removed and frozen immediately in liquid nitrogen. The right kidney, which is technically more difficult to denervate, was used for determination of renal norepinephrine content; the left, for determination of kidney renin activity. Renal norepinephrine content was measured by a modification of the radioenzymatic assay of Passon and Peuler (15) . Kidney renin activity was determined by a modification of the methods of Haas et al. (16) and Boucher et al. (17) , and plasma renin activity by radioimmunoassay of generated angiotensin I according to the method of Haber et al. (18) .
To determine the effects of renal denervation in animals with established hypertension 18-wk-old male SHR were subjected to renal denervation (n = 8) or sham operation (n = 6). Animals were housed in individual metabolic cages and blood pressure and urinary sodium excretion monitored for a 2-wk period after surgery using the methods described above.
In the SHR denervation studies sodium and blood pressure data were analyzed using a t test for unpaired data, and data for phenol and WKY control groups analyzed using the paired t test (19) . Values were expressed as mean±SE and were considered significant if the P was <0.05. The rate of development of hypertension in renal denervated and control SHR was compared using a logistic model (20) . The expected values and variances for these curves were obtained by the method of statistical differentials (21) . Linear regression analysis was used to compare change in blood pressure with renal norepinephrine content (19) . Table 1 compares blood pressures of renal denervated and control, sham-operated SHR for 5 wk ofobservation after surgery. In sham-operated animals blood pressure increased significantly from 135±4.1 mm Hg at 7 wk to 163±4.2 mm Hg (P < 0.05) at 9 wk of age. In contrast, denervated animals had a delay in the development of hypertension, and by 9 wk ofage blood pressure in this group had increased by only 10 mm Hg (132±3.7-142 ±2.8 mm Hg, NS). Blood pressure of denervated rats was significantly less than that ofcontrols for 4 wk after surgery. During the 5th wk of observation, at which time animals were 12 wk ofage, there was no significant difference between the two groups (188±3.9, control vs. 176±4.6 mm Hg, denervated, NS). Employing the logistic curve as a statistical model, the rate of development ofhypertension in the two groups were compared. Fig. 1 illustrates that subsequent to the delayed rise in blood pressure in renal denervated SHR, they continued to develop hypertension at a slower rate than sham-operated controls. The curves remained different for 4.5 wk after surgery. Shown in Fig. 2 are the values for blood pressure and mean weekly sodium excretion ofrenal denervated and sham-operated animals housed in metabolic cages during the study. Blood pressure in these animals followed a similar course to that described for the group as a whole (Table I) . Concomitant with the attenuation of hypertension in renal denervated SHR, urinary sodium were no differences between groups in sodium or water intake (Table II) . Urine volume was significantly greater in denervated animals in the 2nd wk after surgery but was the same in both groups throughout the remainder ofthe observation period. Plasma creatinine (0.84+0.04, control vs. 0.84+0.02 mg/dl, denervated) and kidney weight (0.82±0.02, control vs. 0.86±0.06 g, denervated) were not different at the time of sacrifice. Table III shows the blood pressure and urinary sodium excretion following treatment with intraperitoneal phenol (n = 6). Values did not differ from those of control animals (n = 8) that received flank incisions only. This rules out the possibility that the delayed rise in blood pressure and the natriuresis seen after renal denervation were due to a nonspecific systemic or nephrotoxic effect of phenol.
RESULTS
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Renal denervation in WKY (n = 5) showed that interruption of renal sympathetic nerves does not signifi- (Table IV) . Shown in Fig. 3 Fig. 4 . At 1 wk there was 94% depletion of norepinephrine content in renal denervated animals, confirming the adequacy of denervation. By 3 wk after surgery renal norepinephrine content of denervated animals had reached 23% of control values; by 6 wk, 57% ofcontrol. Although renal norepinephrine content in the denervated group increased sevenfold from week 1 to week 6 after denervation, it remained significantly less than control at week 6. There was a significant positive correlation between absolute change in blood pressure from the time of surgery until the time of sacrifice and renal norepinephrine content in denervated animals (r = 0.80; P < 0.0001
[ Fig. 5]) .
In SHR subjected to renal denervation at 18 wk of age there was a small, insignificant decrease in systolic blood pressure FIGURE 3 Plasma renin activity (PRA) and kidney renin activity (KRA) of SHR killed at 1, 3, and 6 wk after renal denervation or sham operation at 7 wk of age. A minimum of six animals in each group were killed at each time point; The P value refers to the difference between groups using t test for unpaired data. Values for KRA and PRA at 3 and 6 wk were significantly less than those at 1 wk in both groups. 4 Renal norepinephrine content of SHR sacrificed at 1, 3, and 6 wk after renal denervation or sham operation at 7 wk of age. A minimum of six animals in each group were killed at each time point. P values refer to comparisons between groups using t test for unpaired data. particular, the renal sympathetic nerves in the pathogenesis of hypertension in the SHR. The finding that renal denervation delayed the onset and slowed the rate of development of hypertension in young animals is consistent with earlier investigations that showed similar effects on blood pressure but failed to explain the mechanism(s) involved (9-11). Our observation that the attenuation of the development of hypertension was associated with a significant iricrease in sodium excretion in renal denervated rats suggests that intact renal sympathetic nerves in the SHR facilitate sodium retention, contributing to the development of hypertension.
In contrast to the findings in the SHR, renal denervation in 7-wk-old WKY produced no change in blood pressure or renal sodium excretion. This observation is in agreement with previous studies demonstrating that the influence of the renal nerves in the long-term regulation of salt and water balance is negligible in conscious normotensive animals under basal conditions (22, Renal Nerves and Hypertension in the Spontaneously Hypertensive Rat - (25, 26) . Renal denervation in the dog has been shown to decrease renin release under a variety of experimental conditions (27) (28) (29) . The lack of an observed decrease in plasma and kidney renin activity after renal denervation in the current study could be explained by a tendency of the natriuresis and presumed attendant decrease in intravascular volume to oppose the effects of denervation. In addition, the lower blood pressure in renal denervated rats would favor an increase in renin synthesis and release mediated via intrarenal baroreceptor mechanisms (30, 31) , further opposing any decrease effected by denervation. The decrements in plasma and renal renin activity seen with age in sham-treated animals are compatible with the results of other investigators (32 crease was a significant rise in blood pressure during the 3rd wk. Renal norepinephrine content was further increased at 6 wk, but remained significantly depleted in comparison to that of sham-operated animals. Failure of renal norepinephrine content to return to control levels during the 6-wk period after surgery does not rule out the possibility that reinnervation may have contributed to the ultimate increase in blood pressure after renal denervation. There is experimental evidence to suggest that after denervation return of functional activity precedes complete regrowth of nerve fibers. For example, functional activity of the rat heart, as assessed by the chronotropic response to tyramine, has been shown to approach control levels 2 wk after sympathectomy with 6-OH-dopamine (33) . The return of functional activity occurred at a time when myocardial catecholamine stores, which parallel regrowth of nerve fibers, were still 80% depleted. The observation that the attenuation of hypertension in SHR subjected to renal sympathectomy was associated with a significant increase in urinary sodium excretion in comparison to sham animals suggests that sodium retention contributes to the development of hypertension in the SHR. However, both groups ofanimals were in positive sodium balance during the 5-wk observation period after surgery. Furthermore, Dietz and colleagues (11) have shown that even severe sodium restriction (<1 mmol/kg chow) attenuates but does not prevent the development of hypertension in the stroke-prone SHR. Together, these observations suggest that the delayed rise in blood pressure effected by renal denervation in the SHR may not be completely explained by neurally mediated changes in renal sodium handling. The possibility that interruption of renal afferents may influence the development of hypertension is one important consideration. Fernandez et al. (34) have shown that renal denervation increases the norepinephrine content of the hypothalamus in normotensive rats without altering blood pressure (34) . This finding was thought by the authors to be secondary to a decrease in plasma renin activity after denervation, but a direct feedback mechanism involving the afferent sympathetic nerves cannot be excluded. The relationship of the renal afferent nerves to the development ofhypertension in the SHR merits further examination.
Although renal denervation significantly altered blood pressure and sodium excretion in 7-wk-old SHR, similar changes were not observed after sympathectomy in older animals, indicating that the renal nerves are not important in the maintenance of established hypertension in the SHR. One possible explanation for the failure of renal denervation to decrease blood pressure in older animals may be found in the observation that structural changes both in the renal vascular (35) and other peripheral vascular (36, 37) beds have been shown to occur early in the development of hypertension in the SHR and to progress with age (37) . These changes effect increases in both renal vascular and total systemic resistance that cannot be reversed by denervation.
In summary, these data provide additional evidence for the participation of the sympathetic nervous system in the development of hypertension in the SHR. This effect appears to be, in part, due to enhanced sodium retention mediated via the renal sympathetic nerves. Once hypertension is established, the renal nerves do not play a significant role in the maintenance of increased blood pressure.
